Draft version August 1, 2012 

Preprint typeset using L^-T^X style cmulateapj v. 5/2/11 



O 

m 



THE NINTH DATA RELEASE OF THE SLOAN DIGITAL SKY SURVEY: FIRST SPECTROSCOPIC DATA 
FROM THE SDSS-III BARYON OSCILLATION SPECTROSCOPIC SURVEY 

Christopher P. Ahn 1 , Rachael Alexandroff 2 , Carlos Allende Prieto 3,4 , Scott F. Anderson 5 , 
Timothy Anderton 1 , Brett H. Andrews 6 , Eric Aubourg' Stephen Bailey 8 , Rory Barnes 5 , Julian Bautista 7 , 
Timothy C. Beers 910 , Alessandra Beifiori 11 , Andreas A. Berlind 12 , Vaishali Bhardwaj 5 , Dmitry Bizyaev 13 , 
Cullen H. Blake 2 , Michael R. Blanton 14 , Michael Blomqvist 15 , John J. Bochanski 5,16 , Adam S. Bolton 1 , 
Arnaud Borde 17 , Jo Bovy 18,19 , W. N. Brandt 20,21 , J. Brinkmann 13 , Peter J. Brown 1,22 , Joel R. Brownstein 1 , 

Kevin Bundy 23 , N. G. Busca 7 , William Carithers 8 , Aurelio R. Carnero 24,25 , Michael A. Carr 2 , 
Dana I. Casetti-Dinescu 26 , Yanmei Chen 27,28 , Cristina Chiappini 25 ' 29 , Johan Comparat 30 , Natalia Connolly 31 , 
Justin R. Crepp 32,33 , Stefano Cristiani 34,35 , Rupert A.C. Croft 36 , Antonio J. Cuesta 37 , Luiz N. da Costa 24,25 , 
James R. A. Davenport 5 , Kyle S. Dawson 1 , Roland de Putter 38 ' 39 , Nathan De Lee 12 , Timothee Delubac 17 , 
Saurav Dhital 12,40 , Anne Ealet 41 , Garrett L. Ebelke 13 ' 42 , Edward M. Edmondson 43 , Daniel J. Eisenstein 44 , 
S. Escoffier 41 , Massimiliano Esposito 3 ' 4 , Michael L. Evans 5 , Xiaohui Fan 45 , Bruno Femeni' a Castella 3,4 , 
Emma Fernandez Alvar 3,4 , Leticia D. Ferreira 46,25 , N. Filiz Ak 20,21,47 , Hayley Finley 48 , Scott W. Fleming 49,20,50 , 
Andreu Font-Ribera 51,8 , Peter M. Frinchaboy 52 , D. A. Garci'a-Hernandez 3,4 , A. E. Garcia Perez 53 , Jian Ge 49 , 
R. Gen ova- Santos 3,4 , Bruce A. Gillespie 13 , Leo Girardi 54,25 , Jonay I. Gonzalez Hernandez 3 , Eva K. Grebel 55 , 
James E. Gunn 2 , Daryl Haggard 56 , Jean-Christophe Hamilton', David W. Harris 1 , Suzanne L. Hawley', 
Frederick R. Hearty 53 , Shirley Ho 36 , David W. Hogg 14 , Jon A. Holtzman 42 , Klaus Honscheid 57 , 
J. Huehnerhoff 13 , Inese I. Ivans 1 , Zeljko Ivezic 5,58,59 , Heather R. Jacobson 60,61 , Linhua Jiang 45 , 
Jonas Johansson 43,62 , Jennifer A. Johnson 6 , Guinevere Kauffmann 62 , David Kirkby 15 , Jessica A. Kirkpatrick 63,8 , 
Mark A. Klaene 13 , Gillian R. Knapp 2 , Jean-Paul Kneib 30 , Jean-Marc Le Goff 17 , Alexie Leauthaud 23 , 
Khee-Gan Lee 64 , Young Sun Lee 10 , Daniel C. Long 13 , Craig P. Loomis 2 , Sara Lucatello 54 , Britt Lundgren 37 , 
Robert H. Lupton 2 , Bo Ma 49 , Zhibo Ma 65 , Nicholas MacDonald 5 , Suvrath Mahadevan 20,50 , 
Marcio A. G. Maia 24,26 , Steven R. Majewski 53 , Martin Makler 66,25 , Elena Malanushenko 13,42 , 
Viktor Malanushenko 13,42 , A. Manchado 3,4 , Rachel Mandelbaum 36,2 , Marc Manera 43 , Claudia Maraston 43 
Daniel Margala 15 , Sarah L. Martell 67,55 , Cameron K. McBride 44 , Ian D. McGreer 45 , Richard G. McMahon 68,69 , 
Brice Menard 70,23 , Sz. Meszaros 3,4 , Jordi Miralda-Escude 71,38 , Antonio D. Montero-Dorta 72,1 , 
Francesco Montesano 11 , Heather L. Morrison 65 , Demitri Muna 14 , Jeffrey A. Munn 73 , Hitoshi Murayama 23 , 
Adam D. Myers 74 , A. F. Neto 25 , Duy Cuong Nguyen 75,49 , Robert C. Nichol 43 , David L. Nidever 53 , 
Pasquier Noterdaeme 48 , Ricardo L. C. Ogando 24,25 , Matthew D. Olmstead 1 , Daniel J. Oravetz 13 , 
Russell Owen 5 , Nikhil Padmanabhan 37 , Nathalie Palanque-Delabrouille 17 , Kaike Pan 13 , John K. Parejko 37 , 

Prachi Parihar 2 , Isabelle Paris 48,76 , Petchara Pattarakijwanich 2 , Joshua Pepper 12 Will J. Percival 43 , 
Ismael Perez-Fournon 3,4 , Ignasi Perez-Rafols 38 , Patrick Petitjean 48 , Janine Pforr 9, , Matthew M. Pieri 43 , 
Marc H. Pinsonneault 6 , G. F. Porto de Mello 46,25 , Francisco Prada 77,78,72 , Adrian M. Price- Whelan 79 , 
M. Jordan Raddick 70 , Rafael Rebolo 3,80 , James Rich 17 , Gordon T. Richards 81 , Annie C. Robin 82 , 

HELIO J. ROCHA-PlNTO 46,25 , CONSTANCE M. ROCKOSI 83 , NATALIE A. ROE 8 , ASHLEY J. ROSS 43 , NICHOLAS P. ROSS 8 f 

J. A. Rubino-Martin 3,4 , Lado Samushia 43,84 , J. Sanchez Almeida 3,4 , Ariel G. Sanchez 11 , Basi'lio Santiago 85,2 , 

. [ Conor Sayres 5 , David J. Schlegel 8 , Katharine J. Schlesinger 83,6 , Sarah J. Schmidt 5 , Donald P. Schneider 20,21 , 

Axel D. Schwope 29 , C. G. Scoccola 3,4 , Uros Seljak 63,86,8,87 , Erin Sheldon 88 , Yue Shen 44 , Yiping Shu 1 , 
Jennifer Simmerer 1 , Audrey E. Simmons 13 , Ramin A. Skibba 45 , A. Slosar 88 , Flavia Sobreira 24,25 , 
Jennifer S. Sobeck 89 , Keivan G. Stassun 12,90 , Oliver Steele 43 , Matthias Steinmetz 29 , Michael A. Strauss 2,91 , 
Molly E. C. Swanson 44 , Tomer Tal 26 , Aniruddha R. Thakar 70 , Daniel Thomas 43 , Benjamin A. Thompson 52 , 
Jeremy L. Tinker 14 , Rita Tojeiro 43 , Christy A. Tremonti 27 , M. Vargas Magana 7,17 , Licia Verde 71,38 , 
Matteo Viel 34,35 , Shailendra K. Vikas 92 , Nicole P. Vogt 42 , David A. Wake 26 , Ji Wang 49 , Benjamin A. Weaver 14 , 
^ 1 David H. Weinberg 6 , Benjamin J. Weiner 45 , Andrew A. West 93 , Martin White 8 , John C. Wilson 53 , 

John P. Wisniewski 5,94 , W. M. Wood-Vasey 92,91 , Brian Yanny 95 , Christophe Yeche 17 , Donald G. York 96 , 
O. Zamora 3,4 , Gail Zasowski 53 , Idit Zehavi 65 , Gong-Bo Zhao 43,97 , Zheng Zheng 1 , Guangtun Zhu 70 , Joel C. Zinn 2 

Draft version August 1, 2012 



ABSTRACT 

The Sloan Digital Sky Survey III (SDSS-III) presents the first spectroscopic data from the Baryon 
Oscillation Spectroscopic Survey (BOSS). This ninth data release (DR9) of the SDSS project includes 
535,995 new galaxy spectra (median z ~ 0.52), 102,100 new quasar spectra (median z ~ 2.32), and 
90,897 new stellar spectra, along with the data presented in previous data releases. These spectra 
were obtained with the new BOSS spectrograph and were taken between 2009 December and 2011 
July. In addition, the stellar parameters pipeline, which determines radial velocities, surface temper- 
atures, surface gravities, and metallicities of stars, has been updated and refined with improvements 
in temperature estimates for stars with T e ff < 5000 K and in metallicity estimates for stars with 
[Fe/H] > —0.5. DR9 includes new stellar parameters for all stars presented in DR8, including stars 
from SDSS-I and II, as well as those observed as part of the SDSS-III Sloan Extension for Galactic 
Understanding and Exploration-2 (SEGUE-2). 

The astrometry error introduced in the DR8 imaging catalogs has been corrected in the DR9 data 
products. The next data release for SDSS-III will be in Summer 2013, which will present the first data 
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from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) along with another 
year of data from BOSS, followed by the final SDSS-III data release in December 2014. 
Subject headings: Atlases — Catalogs — Surveys 



1. INTRODUCTION 



The Sloan Digita l Sky Survey III (SDSS-III; 
lEisens tcin ct al] 1201 1| ) is an extension of the SDSS-I 



and II projects (|York et al.l I2000D . It uses the dedi- 
cated 2.5-meter w ide-field Sloan Foundation Telescope 
(jGunn et al.ll2006f ) at Apache Point Observatory (APO), 
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and fiber-fed multi-object spectrographs to carry out 
four surveys to study dark energy through observations 
of distant galaxies and quasars (the Baryon Oscillation 
Sky Survey; BOSS), to understand the structure of the 
Milky Way Galaxy (the Sloan Extension for Galaxy 
Understanding and Exploration; SEGUE-2, and the 
APO Galactic Evolution Experiment; APOGEE), and to 
search for extrasolar planets (the Multi-object APO Ra- 
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dial Velocity Exoplanet Large-area Survey; MARVELS). 
SDSS-III commenced in Fall 2008, and will carry out ob- 
servations for six years through Summer 2014. The first 
data release of thi s phase of SPSS (a nd the eighth re- 
lease overall; DR8; lAihara et alJl2011al ) was made public 
in Win ter 2011. In addition t o all the data from SDSS-I 
and H (|Abazaiian et al.|[2009() . DR8 included additional 
five-band imaging data over 2500 deg 2 over the Southern 
Galactic Cap, as well as stellar spectra from SEGUE-2. 

This paper presents the ninth data release (DR9) from 
SDSS, including all survey-qual ity data from BOSS gath- 
ercd through 2011 J uly. BOSS (iDawson et al.l l2012D uses 
new spectrographs (jSmee et al.l 120121 ) to obtain spec- 
tra of galaxies with 0.15 < z < 0.8 and quasars with 
2.15 < z < 3.5 to measure the scale of the baryon oscil- 
lation peak in the correlation function of matter in or- 
der to probe the geometry and dynamics of the universe. 
DR9 includes the first year of BOSS data, and this paper 
describes the characteristics of these data (summarized 
in $2]), with a particular emphasis on how it differs from 
the spectroscopy carried out in SDS S-I and SDSS-II (jOS) . 

The erratum to the DR8 paper (|Aihara et al.l 1201 lbf ) 
describes a systematic error in the astrometry in the 
imaging catalogs in DR8. This has now been fixed, as 
we describe in Sj4] 

The SEGUE Stellar Parameters Pipeline (SSPP) fits 
detailed models to the spectrum of each star, to deter- 
mine surface temperatures, metallicities, and gravities. 
It has been continuously impr oved since its introduction 
in the sixth da ta release (DR6. | Adelman-McCarthv et all 
120081 : see also iLee et al.l l2008a[L In we describe the 
improvements since DR8 that are incorporated into the 
DR9 outputs. 

Section [5] describes how one can access the DR9 data, 
and we conclude and outline the planned future data 
releases in [JT] 

2. SCOPE OF DR9 

DR9 presents the release of the first 1.5 years of data 
from the SDSS-III BOSS spectroscopic survey. BOSS 
started commissioning in early Fall 2009, and began 
survey-quality observations on the night of 2009 De- 
cember 5 (UTC-7; MJD 55171). All processed data 
from that date until the summer telescope shutdowrP^I 
in 2011 July are included in DR9. All raw data taken by 
the BOSS spectrograph from the start of commission- 
ing (2009 September) through and including 2011 July 
10 (MJD 55752) are also available as fiat files as part of 
the DR9 release, although the commissioning data are of 
quite poor quality, and don't always include data from 
both spectrographs. DR9 also includes the spectroscopic 
data from SDSS-I/II and SEGUE2; it is unchanged since 
DR8. 

The details of the data included in DR9 are summa- 
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Table 1 

Contents of DR9 



Imaging a 





Total 


Unique b 


Area Imaged 


31,637 deg 2 


14,555 deg 2 


Cataloged Objects 


1,231,051,050 


469,053,874 


New BOSS Spectroscopy 




Total 


Unique b 


Spectroscopic footprint effective area 




3275 deg 2 


Plates d 


831 


819 


Spectra observed 


829,073 


763,425 


Galaxies 


535,995 


493,845 


CMASS galaxies 


336,695 


309,307 


LOWZ galaxies 


110,427 


102,890 


All Quasars 


102,100 


93,003 


Main Quasars' 


85,977 


79,570 


Main Quasars, 2.15 < z < 3.5 g 


59,783 


55,047 


Ancillary program spectra 


32,381 


28,968 


Stars 


90,897 


82,645 


Standard stars 


16,905 


14,915 


Sky spectra 


78,573 


75,850 


All Spectroscopy from SDSS-I/II/III 


Total number of spectra 


2,674,200 




Total number of useful spectra 11 


2,598,033 




Galaxies 


1,457,002 




Quasars 


228,468 




Stars 


668,054 




Sky 


181,619 




Unclassified 1 


62,890 





a These numbers are unchanged since DR8. 
" Re moving all duplicate s and overlaps. 
c See lBolton et~aU J2012D for full details. 

d Twelve plates of the 831 observed plates were re-plugged and re- 
observed for calibration purposes. Six of the 819 unique plates are 
different drillings of the same tiling objects. 

e This excludes the small fraction of the observations through broken 
fibers or those that fell out of their holes. There were 831,000 spectra 
attempted. 

I This counts only quasars from the main s urvey f ^3. 1.21 . and does 
not include those from ancillary programs ( i|3.1,3H or that were used 
for calibration purposes. 

g Quasars with redshifts in the range 2.15 < z < 3.5 provide the most 
signal in the BOSS spectra of the Ly-a forest. 

II Spectra on good or marginal plates. "Spectrum" refers to a com- 
bined set of sub-exposures that define a completed plate. Duplicates 
are from plates that were observed more than once, or are objects 
that were observed on overlapping plates. 

1 Non-sk y spectra for whic h the automated redshift /classification 
pipeline (Bolton~eFaTJ[20lJ) gave unreliable results, as indicated by 
the ZWARNING flag. 

rized in Table [TJ and the footprints of the imaging and 
spectroscopic data are shown in Figure [T] The imag- 
ing data and imaging catalogs are the same as in DR8, 
with the key update of an improved astrometric solu- 
tion t o correct an error aff ecting objects at high declina- 
tions (Ai hara et al.ll2011bl ). 

Fig. [5] presents the distribution with look-back time of 
spectroscopically confirmed stars, galaxies, and quasars 
from BOSS in the DR9 data set. Fig. [3] compares these 
distributions to those of all previous SDSS spectra of 
galaxies and quasars. 

All data released wit h DR9 are publicly available at 
http r//www . sdss3 . org/dr9| 

3. THE BARYON OSCILLATION SPECTROSCOPIC 
SURVEY 



When the Universe was radiation-dominated, sound 
waves propagated through the radiation-matter fluid at 
a significant fraction of the speed of light. They slowed 
dramatically after matter-radiation equality, and were 
frozen in after recombination. Sound waves propagat- 
ing from overdensities thus propagated a given distance, 
roughly 150 comoving Mpc (given standard cosmological 
parameters) from the initial perturbations; the resulting 
overdensity gives an excess in the clustering of matter 
at this scale. This is the origin of the oscillations seen 
in the power spectrum of the Cosm ic Microwave Back- 
ground (e.g., IKomatsu et al.l [201 If) . and was first con- 
clusively seen in the clustering of galax ies from the Two 
Degree Field G alaxy Redshift Su rvey (|Cole et all 120051) 
and the SDSS (|Eisenstein et al.l 120051) . This feature in 
the galaxy or matter correlation function or power spec- 
trum is a standard ruler, measuring it as a function of 
redshift g ives a powerful constr aint on cosmological mod- 
els (e.g., |W^er^iFil|[l0il). 

The i nitial SDSS detection of the ba ryon oscillation 
featur e (lEisenstein et all 120051: see also iTegmark et all 
120061 : iPercival et al.l 120101 : iPadmanabhan et all l2012al) 
was based upon a galaxy sample at z ~ 0.35. BOSS 
aims to measure spectra (and thus redshifts) for a sam- 
ple of 1.5 million galaxies extending to z = 0.8 over 
10,000 deg 2 , to use the baryon oscillation feature to make 
a 1% measurement of the angular diameter distance at 
z = 0.35 and a separate uncorrelated 1% measurement at 
z = 0.6. In addition, 150,000 quasars with z > 2.15 will 
be observed to measure the clustering of the Lyman-a 
forest, and thus to determine the baryon oscillation scale 
at z ~ 2.5, an epoch before dark energy dominated the 
expansion of the universe. 

The samples of galaxies and quasars needed to carry 
out this program are significantly fainter than tho s e tar- 
geted in SDSS-I and SDSS-II (lEisenstein et al.l 120011 
iStrauss et all l2002t iRichards et al.l |2002| ). andhave a 
higher density on the sky. The SDSS spectrographs and 
supporting infrastructure were extensively rebuilt to in- 
crease thro ughput and observ ing efficiency, as described 
in detail in lSmee et all (|2012l ). In particular: 

• The optical fibers, which bring light from the focal 
plane to the spectrographs, subtended 3" on the 
sky in SDSS-I/II. Given the smaller angular size of 
the higher redshift BOSS galaxy targets, the fibers 
now subtend 2". 

• The number of fibers was increased from 640 to 
1000. 

• New high-throughput volume phase holographic 
(VPH) gratings were installed. 

• The optics have been replaced, with improved 
throughput. 

• The CCDs were replaced, with improved response 
at both the blue and red limits. 

The resulting spectra are broadly similar to those of 
SDSS-I/II, but have significantly higher signal-to-noise 
ratio (S/N) at a given fiber magnitude. While the 
resolution as a function of wavelength is similar, the 
spectral coverage is significantly broader, from 3600A 
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Figure 1. The distribution on the sky of all SDSS imaging (top; same as DR8) and BOSS DR9 spectroscopy (bottom) in equatorial 
coordinates (a = 0° is offset to the right in this projection). The Galactic equatorial pl ane is shown by t he solid line. To make the image 
for BOSS spectroscopy, we simply plotted a sparse version of the BOSS quasar catalog (Paris ct al. 2012). 

first analysis of the clustering of t he Lyman a f orest fr om 
BOSS quasar spectra is found in ISlosar et al.l (|2011h . 
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Figure 2. The distribution with lookback time of the 
82,645 stars; 493,845 galaxies; and 93,003 quasars with spec- 
tra in DR9 BOSS. Lookback time is based on the observed 
redshift under the assumption of a flat ACDM cosmology 
(f2 M ,n A ,ft)=(0. 272, 0.728, 0.71) consistent with the joint cosmolog- 
ical analysis of WMAP7 IIKomatsu et al.N201U) . 

to 10,400A. Finally, the target selecti on algorithms 
for galaxies dPadmanabhan et al.l l2012bO and quasars 
(jRoss etaLl 120 121) are significantly different from the 
equivalent for SDSS-I/II, given the rather different sci- 
entific goals. 

The d esign of the BOSS su rvey itself is described in 
detail in iDawson et al.l (|2012l ) . First baryon oscillation 
results from th e DR9 galaxy sample may be found in 
lAnderson et al.l (|2012[ ) and references therein, and the 



3.1. BOSS Main Survey Targets 

There are four broad cate gories of targets on the BOS S 
plates: galaxies ( fc|3.1.1l see Padmanabhan ct al. 2012b), 
q uasars ( £13.1.21 see R oss et al.1 120121) , an cillary targets 
(£ |3.1.3p . and standards and calibrations (|Dawson et al.1 
2012). 

3.1.1. Galaxies 

The SDSS-I/II Legacy survey targeted galaxies in two 
categori es: a magnitude-limi ted sample of galaxies in the 
r band ([Strauss et al.l I2002T ) . with a median redshift of 
z ~ 0.10, and a magnitude- and color-limited sample of 
fainter galaxies designed to selec t the most luminous re d 
galaxies (LRG) at each redshift (Eiscnst ein et al.l l2001): 
the LRG sample is approximately volume-limited to z ~ 
0.38, and includes galaxies to z ~ 0.55. BOSS aims to 
measure large-scale clustering of galaxies at higher red- 
shifts and at lower luminosities (to sample the density 
field at higher space density), and thus targets signifi- 
cantly fainter galaxies. 

The g alaxy target selection algorith m is described in 
detail in IPadmanabhan et a l. (2012bj). In brief, it uses 
the DR8 imaging catalog to select two categories of ob- 
jects using colors that track the locus of a passively evolv- 
ing g alaxy population with redshift ()Maraston et al.l 
2009). The "LOWZ" subsample, containing about a 
quarter of all galaxies in BOSS, targets galaxies with 
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Figure 3. N(z) of BOSS spectra in DR9 compared to that of the 
SDSS-I/II Legacy spectra for galaxies (left) and quasars (right). 
BOSS' focus on galaxies with 0.4 < z < 0.6 and quasars with 
z > 2.15 is apparent. The BOSS quasars at 0.5 < z < 0.9 are 
selected because of a degeneracy in color space between these lower- 
redshift quasars and those at z > 2.15. 

0.15 < z < 0.4 with colors similar to LRGs, but with 
lower luminosity; the space density of LOWZ galaxies 
is about 2.5 times that of the SDSS-I/II LRG sam- 
ple. The constant-mass or "CMASS" sample, containing 
three times more galaxies than LOWZ, is designed to se- 
lect galaxies with 0.4 < z < 0.8. The rest-frame color 
distribution of this sample is significantly broader than 
that of the LRG sample, thus CMASS contains a nearly 
complete sample of massive galaxies above the magnitude 
limit of the survey. The LOWZ and CMASS samples to- 
gether give a very roughly volume-limited sample, with 
space density of order 3 x 10~ 4 (h/Mpc 3 ) to z ~ 0.6, and 
a tail to z ~ 0.8. In practice, it is somewhat difficult 
to select objects at z = 0.45 as the 4000A break falls 
between the g and r bands. The space density of the 
sample at that redshift is consequently 25% lower. 

The CMASS sample includes a "SPARSE" extension in 
color space, to better understand incompleteness in the 
CMASS sample and to sample a population of fainter, 
bluer, and less massive galaxies. The galaxies were se- 
lected by extending the CMASS color-magnitude cut, 
and are sub-sample d at 5 galaxies deg~ 2 . 

As described in iPadmanabhan et al.l (|2012bft . there 
was an error in the implementation of the LOWZ sample 
for the early BOSS data (plate numbers 3987 and less); 
these data should be excluded from any analysis which 
requires a uniform LOWZ sample. 

The BOSS galaxy sample extends about half a mag- 



nitude fainter than the SDSS-I/II LRG sample, and 
thus the S/N of the spectra tend to be lower, despite 
the higher throughput of the spectrographs. Neverthe- 
less, in DR9 the vast majority of the galaxy targets 
are confirmed galaxies with confidently measured red- 
shifts: 95.4% of all CMASS targets and 99.2% of all 
LOWZ targets. The 4.6% of unsuccessful galaxy red- 
shifts for CMASS targets ar e mo stly erroneously targeted 
red stars. As described in £|3.3[ the signal-to-noise ratio 
of the spectra is sufficient that higher-order quantities 
(stellar masses, velocity dispersions, emission-line prop- 
erties, and so on) can be measured for most objects. 

3.1.2. Quasars 

The BOSS Quasar Survey uses imaging data from DR8 
(jAihara et al.ll2011al ) to select its main spectroscopic tar- 
gets. The aim is to observe z > 2.15 quasars, as for 
these objects the Lyman-a forest enters into the spectral 
coverage of the BOSS spectrographs. This is a challeng- 
ing task, given the fact that the quasar loc us in SPS S 
color space crosse s that of F stars at z ~ 2.7 (jFan|l!999ft . 
iRoss et al.l poll give full details on the BOSS quasar 
target selection methods that were used. In brief, we 
implemented and tested a range of methods over the 
commissioning period and the first year of BOSS spec- 
troscopy (Year One, ending in 2010 July). Quasar tar- 
gets were selected based on their optical fluxes and col- 
ors, and properties in other bands, including radio and 
nea r infrared. Unlike the SDSS-I/II Legacy quasar sam- 
ple (jRichards et al.ll2002ft . the BOSS quasar selection ac- 
tively selects against quasars with redshifts less than 2.15 
(in particular, most ultraviolet excess sources). 

As the main science goal of the BOSS quasar sample 
is to probe the foreground hydrogen in the inter-galactic 
medium (IGM), priority was pl aced on maximizing the 
surface density of z > 2 quasars (|McDonald &: Eisensteinl 
20071 IMcQuinn fc White! f201lh . rather than engineering 
the most homogeneous data set possible. Thus the full 
target selection is a complicated heterogeneous combina- 
tion of se veral methods, u sing ancillary data sets where 
available (|Ross et alJl2012ft . 

However, to allow statistical studies of quasar phys- 
ical properties, demographics, and c lustering, we de- 
fined a subsample (called "CORE" in IRoss et all [20 12ft 
that will be uniformly selected throughout BOSS. It uses 
a single selection algorithm, the extreme de c onvo lution 
method (hereafter XDQSO) of I Bow et all (|2011ft . us- 
ing single-epoch SDSS photometry. However, we settled 
on XDQSO only at the end of Year One, and thus the 
CORE sample in the first year of data is not homoge- 
neous. CORE targets were allocated at 20 deg -2 , of 
which ~ 10-15 deg -2 are confirmed spectroscopically to 
be quasars at z > 2. An additional 20 targets deg -2 (the 
"BONUS" sample) were selected using a heterogeneous 
set of selection criteria to maximize the surface density 
of high-z quasars; of these, ~ 5 deg -2 are found to be 
quasars at z > 2. In Year One, especially in the com- 
missioning period, we increased the number density of 
targets as we fine-tuned the selection algorithms. 

Finally, given the improved throughput of the BOSS 
spectrographs and extended blue coverage, we re- 
observed all previously known z > 2.15 quasars (most of 
which were discovered by SDSS-I/II; see lSchneider et all 
12010ft to obtain higher S/N in the Lyman-a forest. 
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Approximately half of the quasar targets observed in 
DR9 were confirmed to be quasars, with the remainder 
consisting largely of F stars. 

All quasar targets, plus all objects spectroscopically 
identified as quasars via our automated pipeline, have 
been visually inspected, and both automated pipeline 
results and these visual redshifts and classifications are 
provided in DR9. The resulting quasar catalog, to- 
gether with measurements of broad absorption lines 
and damped Lym an-a: systems, will be made public in 
iParis et all (|2012t l. A subsample of BOSS quasar spectra 
suitable for Lyman- a forest a nalysis (z > 2.15) will be 
described in iLee et al.l (|2012l ). which will provide addi- 
tional products such as quasar continua, improved noise 
estimates, and pixel masks. 

3.1.3. BOSS Ancillary Targets 

In addition to the main galaxy and quasar programs, 
roughly 3.5% of the BOSS fibers in DR9 were devoted 
to a series of 25 small ancillary projects, each con- 
sisting of a few hundred to a few thousand targets. 
These programs, de scribed in detail in Appendix A of 
iDawson et al.l <|2012f ). were selected via internal collab- 
oration review, and cover scientific goals ranging from 
studies of nearby stars to z > 4 quasars. The ancillary 
programs allow fibers to be used that would otherwise 
go unplugged in regions where the principal targets are 
more sparse than aver age. These spectra are processed 
with the same pipeline (jSchlegel et al.ll2012l : lBolton et al.l 
I2012D as all the other spectra. 

A particular focus of many of these ancillary pro- 
grams is the roughly 220 deg 2 in the Southern Galac- 
tic Cap covered by "Stripe 82" (-1.25° < 8 < +1.25°, 
320° < a < 45°) that was imag ed repeatedly in SDSS 
(jAdelman-M cCart hv et ahl 120081 ) . Using stacked pho- 
tometry and variability information, for example, the 
quasar sample on Stripe 82 is part icularly complete (e.g., 
iPalanaue-Delabrouille et aLll2011|) . 

3.2. Differences between SDSS-I/II Spectra and 
SDSS-III BOSS Spectra 

Readers who are familiar with the SDSS-I/II spectra 
will be able to use the BOSS spectra quickly, since the 
twin BOSS spectrographs are upgraded versions of the 
original SDSS-I/II spectrographs, as described above. In 
addition, the pipelines used to proc ess the BOSS spectra 
(jSchlegel et al.l 12012 IBolton et all I2012D are improved 
versions of those used in SDSS-I/II. In this section, we 
briefly outline the main differences between the BOSS 
spectra and the SDSS-I/II spectra. For more detailed 
informat ion on the BOSS sp ectrographs, the reader is re- 
ferred to ISmee et ahl (I2012D. while th e BOSS operations 
are described in IDawson et al.l ()2012D . 

The BOSS spectrographs include 1000 fibers in each 
plate, in comparison with 640 fibers per plate in 
SDSS-I/II. In addition, the spectral coverage has been 
increased from 3800-9200 A to 3600-10, 400 A, with the 
dichroic split between the blue and red sides occurring 
at roughly 6000 A (as it was in SDSS-I/II). The ex- 
panded blue coverage means that the Cd I arc line at 
3610.51 A is now included in the wavelength calibration, 
enabling a more accurate w avelength solution on the 
blue end (see the discussion in lAdelman-McCarthv et all 



2008). The median resolution of the BOSS spectra re- 
mains R = A/ A A » 2000 as in SDSS-I/II, w ith a similar 
wavelength dependence ()Smee et al.l I2012D ; the resolu- 
tion ranges from R fs 1500 at 3700 A, to R « 2500 at 
9500 A. 

In addition, the diameter of the spectroscopic fibers 
in BOSS has been decreased in size from 3" to 2". 
While this improves the S/N for point-like objects and 
the smaller galaxies targeted by BOSS due to decreased 
sky background relative to the source signal, the smaller 
fiber size affects the spectrophotometry for galaxies, and 
is more subject to differential chromatic aberration and 
seeing effects. As in SDSS-I/II, the spectrophotometry 
is tied to the PSF photometry of stars on each plate. In 
SDSS-I/II, the RMS scatter between the PSF photome- 
try and synthesized ph otometry from the calibrated spec - 
tra was of order 4% (|Adelman- McCarthy etall J2 008) ; 
with BOSS, it is closer to 6% ()Dawson et al.l 12012 
but see the discussion below about quasar spectropho- 
tometry). The photometric catalog released in DR8 
and DR9 ( provides the 2" photometry (termed 
FIBER2MAG) for each object to complement 3" pho- 
tometry (FIBERMAG). 

The more sensitive CCDs, improved throughput of the 
VPH gratings, and improved optics have further im- 
proved the S/N in the BOSS spectra, enabling the target- 
ing of fainter objects. For each plate, the median log S/N 
per pixel within wavelength regi ons corresponding to t he 
SDSS imaging bands g, r and i (Fukugi ta et al.|[l996f) is 
tabulated against the corresponding 2" fiber magnitude. 
A line of slope 0.3 is fit to this line, and the intercept at 
the fiducial magnitudes of g — 21.2, r = 20.2 and i = 20.2 
is noted. This quantity is compared for SDSS DR7 and 
BOSS plates in Figure H] The median exposure times of 
BOSS DR9 plates (1.5 hours) are only 70% longer than 
those in SDSS-I/II (0.89 hours), but due to the instru- 
ment upgrades the resulting (S/N) 2 values of the BOSS 
spectra are more than twice those in SDSS-I/II at the 
same magnitude. 

Because one of the stated goals of the BOSS survey is 
to study the Lyman-a forest absorption in quasars, ef- 
forts have been made to improve the S/N at the blue end 
of the BOSS objects targeted as quasars. In particular, 
the focal plane of the SDSS telescope was designed to 
be in focus for BOSS at ~ 5400 A, whereas the z ~ 2.5 
Lyman-a forest lies at A < 4000 A, a wavelength that 
will be out of focus and offset radially due to differential 
chromatic aberration. To correct for this, we have off- 
set the quasar target fibers in both the radial and axial 
directions to maximize the throughput at A ~ 4000 A. 
The radial offset was implemented by drilling the quasar 
plug holes at slightly different positions (depending on 
the assumed hour angle at which the plate will be ob- 
served) , whilst in the axial direction we have introduced 
thin washers to the plug holes on the fiber side of the 
plates, with thicknesses of 175 and 300 micron in the 
regions spanning 1.02-1.34 deg and 1.34- 1.50 deg radi- 
ally from the plate center, respectively ([Dawson et al.l 
I2012T) . These offsets are tabulated in the Z0FFSET and 
LAMBDA_EFF flags in the survey data (©. 

Th e current pipeline flux calibration (Schlegcl et al. 
|2012f ) does not take these fiber offsets into account, there- 
fore the spectrophotometry of the objects in the quasar 
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Figure 4. S/N per pixel distribution of DR9 BOSS plates (red), 
compared with the equivalent for DR7 SDSS-I/II plates (black). 
The quantity shown is the square of the S/N, measured at a fiducial 
fiber magnitude. In SDSS-I and SDSS-II, these fiducial magnitudes 
differ somewhat (and the flux is measured through a 3" fiber, not 
a 2" fiber); these effects have been accounted for in this figure to 
make a fair comparison. 

targets is biased toward bluer colors, with excess flux rel- 
ative to the SDSS imaging data at A < 4000 A and a flux 
decrement at longer wavelengths (Paris et~ai1[2012l) . We 
have measured the mean difference between spectropho- 
tometric and imaging magnitudes for those objects tar- 
geted as quasars but that turned out to be star^3 - the 
values are (0.11 ± 0.24, 0.16 ± 0.29, 0.24 ± 0.33) mag in 
{g, r, i). Objects observed at higher airmass show larger 
offsets. 

Quasars targeted solely as part of ancillary programs 
were not subject to these offsets, and thus their spec- 
trophotometry should show no significant bias. Of 
course, these objects will have reduced S/N in the blue. 
However, some quasars targeted in ancillary programs 
were also targets in the main CORE or BONUS samples; 
these ancillary quasars do have the washer offsets applied 
(at least after MJD 55441, when the washers started to 
be applied; see ^ 13 . 41 below). 

DR9 includes new BOSS observations of objects ob- 
served with the previous spectrograph in SDSS-I/II. 
This includes 4,074 galaxies; 16,967 quasars (mostly 
specifically re-targeted to obtain better Ly a forest mea- 
surements); and 7,875 stars. The repeated galaxy and 
star observations confirm that the redshift scales are 
consistent within a few kms -1 . However, due to an 
updated set of qua sar templates in the BOSS pipeline 
(jBolton et al.l I20121) . quasar redshifts are 175 kms 
higher in the median in BOSS than in SDSS-I/II. The 
limitations of the quasar r edshifts in previ o us da ta re- 
leases were highlighted by IHewett fc Wildl ff2C)10h m a 
reanalysis of DR6 quasar redshifts. While the new tem- 
plates are designed to more fully represent the range of 
quasars found, obtaining accurate redshifts remains chal- 

97 We exclude quasars from this comparison to avoid introducing 
intrinsic quasar variability between the time the photometry and 
spectroscopy were carried out into the comparison between the two 
different magnitudes. 



lenging because of the uncertainty in the relative velocity 
offsets of different emission lines fro m the rest frame o f 
the quasar host galaxy system. See iParis et all (|2012[ ) 
and iBolton et all (12012) for a discussion of the details 
and caveats of quasar redshift determination in DR9. 

Figure [5] shows spectra of a galaxy and a quasar, ob- 
served both with SDSS-I/II and BOSS. This figure illus- 
trates the greater wavelength coverage and the signifi- 
cantly higher S/N of the BOSS spectra for observations 
of the same object. 

3.3. Quantities Derived from Galaxy Spectra 

The spectroscopic pipeline (|Bolton et al.l [2012) ini- 
tially classifies all spectra without regard to its imag- 
ing data. That is, each object is tested against galaxy, 
quasar, and stellar templates, regardless of how it was 
targeted. However, in BOSS, we found that galaxy tar- 
gets were often incorrectly matched to quasar templates 
with unphysical fit parameters, e.g., negative coefficients 
causing a quasar template emission feature to fit a galaxy 
absorption feature. Thus, for galaxy targets in BOSS, 
the best classification and redshift are selected only from 
the fits to the galaxy and star templates. The resulting 
quantities are listed with the suffix JJ0QS0 in the DR9 
database. Results without this template restriction are 
also made available. 

In addition, we have computed a variety of derived 
quantities from the galaxy spectra following the spec- 
troscopic pipeline, applying stellar population models 
to derive stellar masses, emission-line fluxes and equiv- 
alent widths, stellar and gas kinematics and veloc- 
ity dispersions (|Chen et all 120121 : iMaraston et al.l 120121 : 
iThomas et al.ll2012fl . 

Each of the stellar population models is applied 
to all objects that the spectroscopic pipeline calls a 
galaxy with a reliable and positive definite redshift (i.e., 
CLASS JJ0QS0= "GALAXY" and ZWARNING_W0qS0=0 and 
ZJJ0QS0 > Z_ERR_N0QS0 > 0; see lBolton et al.ll2012l ). 

• Portsmouth spectro- photom etric stellar 

masses (Marasto n et al.l 120121 ) are calculated 
using the BOSS spectroscopic redshift, ZJJ0QS0, 
and it, g, r, i, z photometry by means of broad-band 
spectral energy distribution (SED) fitting of pop- 
ulation models. Separate calculations are carried 
out with a passive template and a star-forming 
templ ate, an d in ea ch case for both lSalpeterl {1955) 
and iKroupal (|200lD initial mass functions, and for 
stellar evolution with and without stellar mass 
loss. Templates are ba sed on IMaraston] (|2005l ) and 
IMaraston et al.l J2009) for the star-forming and 
passive stellar population models, respectively. In 
order not to underestimate stellar mass, internal 
galaxy reddening is not included in the Portsmouth 
SED fitting procedures used in DR9. Reddening 
for individual galaxies may, however, be computed 
via the Portsmouth emission-line flux calculations 
(see below). 

• Portsmouth emission-line fluxes and equiva- 
lent widths, and stellar and gas kinematics 
(jThomas et al.ll201~2l ). are based on the stellar pop- 
ulatio n synthesis models of[Maraston & Stromback 
(|2011D applied to BOSS spectra using an adap- 
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tation of the publicly available Gas AND Ab- 
sorpt ion Line Fitting (GANDALF; iSarzi et all 
20061) and penalized PiX el Fitting (pPXF; 



Cappcllari fc Emselleml f2004). 



Figure 5. A galaxy (upper panels) and a quasar (lower panels) that were observed in both SDSS-I/II (as released in DR7) and BOSS. 
These spectra are unsmoothed. In addition to the extended BOSS wavelength coverage from 3600 to 10,400 A, the estimated noise per 
pixel (red line) is lower at every wavelength for the BOSS spectra, particularly at the red and blue ends of the spectrum. This is consistent 
with the higher S/N of the BOSS spectra shown in the distributions in Fig. [4] Because the SDSS-I/II spectra are observed through 3" 
fibers, while the BOSS spectra use 2" fibers, one does not expect the galaxy spectra to be identical. 

encompass c alculations based on diffe rent stellar popula- 
tion models (IBruzual fc Charlotl[2003l for Wisconsin, and 
iMarastonl 120051 for Portsmouth), different assumptions 
regarding galaxy star formation histories, and multiple 
choices for the initial mass function and stellar mass- 
loss rates, and each method focuses on a different as- 
pect of the available imaging and spectroscopic data. 
The Portsmouth SED fitting focuses on broad-band col- 
ors and BOSS redshifts, the Wisconsin PCA analysis 
on considering the full spectrum, while the Portsmouth 
emission-line fitting focuses on specific regions of the 
spectrum that contain specific information on gas and 
stellar kinematics. The uncertainty in the Wisconsin 
spectral PCA results generally decreases with increasing 
spectrum S/N, whereas the Portsmouth SED-fit results 
provide a wider choice of stellar population models rele- 
vant to BOSS galaxies. The array of choices allows con- 



• Wisconsin stellar masses and velocity dispersions 
are derived from the optical rest-frame spectral 
region (3700-5500A) usin g a principal com ponent 
analysis (PCA) method ijChen et all 120121) . The 
estimation is based on a library of model spec- 
tra genera ted using the singl e stella r population 
models of IBruzual fc Charioti (f200l assuming a 
IKroupal (|2001D initial mass function, and with a 
broad range of star-formation histories, metallici- 
ties, dust extinctions, and stellar velocity disper- 
sions. 

The different stellar mass estimates for BOSS galaxies 
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Figure 6. Accumulated signal-to-noise ratio squared per pixel at 
a fiducial magnitude on each plate, plotted as a function of time for 
the BOSS survey data presented in DR9 for all completed plates 
marked as good. The blue (S/N) 2 is the average of the signal in 
blue cameras of the spectrograph for an object with g = 21.2, while 
the red (S/N) 2 is the average of the red cameras of the spectrograph 
for an object with r = 20.2. Survey-quality data began at MJD 
55171. Changes in survey strategy, hardware, and guider software 
(Table [2j are indicated with vertical lines. The mean signal-to- 
noise ratio per plate dropped significantly after t he re quirements 
for exposure depths were reduced on MJD 55497 f £|3,4H . The large 
gap is the 2010 summer shutdown. The smaller gaps are the times 
of bright moonlight when BOSS does not observe. 

sistent comparisons with the literature and future sur- 
veys. A detailed comparison between the Portsmouth 
SED and the Wisconsin spectral PCA calculations is dis- 
cussed in IMaraston et al.l (12013. Appendix A). 

The Galspec product CK auffman rTet al.l 120031 : 
IBrinchmann et al.|[200l iTremonti et al.l 120041) provided 
by the Max Planck Institute for Astrophysics and the 
Johns Hopkins University (MPA-JHU) introduced in 
DR8 is maintained for SDSS-I/II galaxies, but is not 
available for SDSS-III BOSS spectra. The Portsmouth 
and Wisconsin stellar population model algorithms 
are new to DR9 and currently available only for 
SD SS-III BOSS spectra. However, IChen et al.1 (poll) 
and iThomas et al.l <|2012f) each found that a comparison 
of their respective techniques (Wisconsin PCA, and 
Portsmouth emission-line) to the SDSS-I/II MPA-JHU 
demonstrated consistent results with the values for a set 
of SDSS galaxies from DR7. 

3.4. Changes in BOSS Spectrographs and Survey 
Strategy 

While commissioning of the BOSS spectrographs was 
completed in early December 2009, we continued to make 
a series of improvements and changes to the spectro- 
graphs, the observing system, and the exposure depths. 
In this section, we outline those changes that affect the 
DR9 data. The effects on the quality of the resulting 
spectra due to these changes are subtle, but the reader 
interested in detailed comparisons of the BOSS data as 
a function of time should be aware of them. 

BOSS observes spectra with 15 minute exposures 
which are repeated until the summed signal-to-noise 
squared per pixel, (S/N) 2 , reaches a given threshold in 
each of the four spectrograph cameras (Bl, B2, Rl, R2 
for the blue and red arms of spectrographs 1 and 2). A 
quick-look pipeline runs after each exposure to estimate 
the accumulated (S/N) 2 in near real-time and a plate is 
exposed again until given (S/N) 2 thresholds are reached. 

For the first year of the survey BOSS conservatively 



observed a little deeper than believed necessary and 
planned on re-evaluating and updating these (S/N) 2 
thresholds for future years. After the first year of obser- 
vations, it became clear that that we were not covering 
the sky sufficiently quickly to reach our goal of 10,000 
deg 2 by the end of the survey in Summer 2014. BOSS 
thus conducted a review of the fiducial (S/N) 2 thresh- 
olds needed to optimize both survey speed and spectro- 
scopic completeness. The decision was made to lower 
the (S/N) 2 thresholds and impose a more restrictive cut 
on the galaxy surface brightness faint limit. On MJD 
55497 the (S/N) 2 thresholds were reduced from > 16 to 
> 10 for the blue spectrograph cameras (for g = 22) and 
from > 26 to > 22 for the red spectrograph cameras (for 
i = 21)0 At the same time, the CMASS target selec- 
tion limiting magnitude was changed from IFIBER2MAG 
< 21.7 to < 21.5. There is a very slight change in spec- 
troscopic survey comp leteness after t his d ate. Further 
details are provided in lDawson et al.l (|2012D . §5. 

Improvements to the guider software were made on 
MJD 55253, leading to better guiding and thus improved 
throughput. Improvements to the field acquisition soft- 
ware and the efficiency of calibration observations were 
made on MJD 55343 and resulted in reduced observing 
overheads and a larger fraction of open-shutter time. 

Table [2] summarizes a series of hardware changes that 
further improved throughput and image quality and re- 
duced scattered light. This allowed us to reach the fidu- 
cial (S/N) 2 in the spectra in fewer exposures. Air bubbles 
had developed in the oil interfaces between the Bl triplet 
lenses, reducing throughput and causing scattered light. 
These were replaced on MJD 55520. The triplet lenses 
for the other spectrograph arms have also been replaced, 
but after the 2011 July date that marks the end of DR9. 
The R2 CCD was replaced on MJD 55298 due to a hard- 
ware failure. The Rl and R2 CCD clocking was changed 
from 1- to 2-phase for charge collection on MJD 55390. 
The use of washers to optimize (S/N) 2 for quasar targets 
began on MJD 55441 and was fully implemented for all 
CORE and BONUS quasar targets starting MJD 55474. 
Finally, we did two rounds of adjusting the focus of the 
CCDs in their dewars, further improving the throughput. 

4. FIXED AND IMPROVED ASTROMETRY 

The DR8 imaging suffered from several errors in 
the astrometric calibration, as described i n an erratum 
published shortly after the DR8 release (jAihara et al.l 
2Ollb)0 These errors have been corrected in DR9, 
and the resulting astrometry and prop er m otions are im- 
proved relative to both DR7 and DR8F1 

The issues with the DR8 astrometry were, in brief: 

• Northward of +41° declination there was an off- 

98 These values of (S/N) 2 are as measured by the quick reduc- 
tions done of each exposure immediately after it is taken. The 
full reductions have a moderately higher (S/N) 2 . The full pipeline 
also uses a different set of fiducial magnitudes for tracking (S/N) 2 : 
g = 21.2 mag, r = 20.2 mag, and i = 20.2 mag. It is these full 
pipeline (S/N) 2 values that are shown in Figure[4] 

99 These errors do not appear in the DR7 and earlier releases. 

100 While the FITS images distributed as part of the Science 
Archive Server, http://data.sdss3.org/sas/dr9/ , are identical to 
DR8 on a pixel- by-pixel basis, the FITS image metadata (in par- 
ticular, the World Coordinate System headers) have been changed 
to match the revised astrometry in DR9. 
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Table 2 

BOSS Survey Changes 



Date 



MJD a 



Aug 28 
Dec 06 
Feb 26 
Feb 26 
Feb 26 
Mar 01 
Apr 12 
May 28 
Jul 7 
Jul 13 
Sep 02 
Oct 05 
Oct 28 
Nov 20 



Change 

Earliest BOSS commissioning data available : 



"T3X5" 



2009 
2009 
2010 
2010 
2010 
2010 
2010 
2010 
2010 
2010 
2010 
2010 
2010 
2010 



55071 
55171 
55253 
55253 
55253 
55256 
55299 
55343 
55384 
55390 
55441 
55474 
55497 
55520 



Beginning of survey-quality data 
Installed mask in the central optics to eliminate a secondary light path that was directly imaged onto the CCD 
Guider improvements 
CCD dewars adjusted for better focus 

Installed a collimator mask to remove light being reflected off of the slithead and re-imaged onto the CCD. 
R2 CCD replaced 

Field acquisition and calibration efficiency improvements 
CCD positions adjusted inside dewars for better focus 

R1,R2 CCD change from 1- to 2-phase slightly changed effective pixel size 

Washers for quasar targets, some plates 

Washers for quasar targets, all plates 

Changed (S/N) 2 thresholds and target selection 

Bl triplet lenses replaced 



a All data taken on and after the given MJD include the respective change. 



-0.1 0.0 0.1 -0.1 0.0 0.1 

a offset from DR7 (arcsec) 5 offset from DR7 (arcsec) 




Figure 7. Astromctric and proper motion comparison of DR9 to DR7, plotted in equatorial coordinates. The top row shows the difference 
in right ascension (left) and declination (right) of objects matched between the two data releases, and the bottom row shows the differences 
in their proper motions. In the top row, the DR7 and DR9 astrometry agree over most of the area, with the exception of a handful of spots, 
all due to errors in the DR7 astrometry. In the bottom row, DR7 and DR9 proper motions agree over virtually all of the high Galactic 
latitude areas. At low Galactic latitudes there are substantial shifts, caused by errors in DR7 due to mistakes in star/galaxy separation 
affecting the proper motion estimates. 




Figure 8. The DR9 proper motions of photometrically-selected z < 2 quasars (as classified by Bow ct al. 2011). These motions are 
nearly consistent with zero, with a slight offse t in iig at low declination, possibly due to errors in differential refraction corrections in 
USNO-B for these very blue objects (sec Bond ct al. 2010). 



12 



set of 250 mas introduced by switching from the 
Second US Naval Observatory CCD As trograph 
Catalog (UCAC2; iZacharias etaLl l200l to the 
Unit ed States Naval Ob servatory (USNO)-B cat- 
alog (jMonet et alJ 12003) at this declination. 

• Color terms were not used in calculating CCD posi- 
tion to sky position, introducing systematic errors 
of 10-20 mas. 

• UCAC2 proper motions were not applied correctly, 
introducing further errors of order 5-10 mas. 

• Stellar positions were always measured in the r- 
band photometry, even if the r-band was saturated 
or had a lower S/N detection than other filters. 
For faint objects this increases the statistical un- 
certainty for the measurement, but for r-band sat- 
urated objects the difference can be as much as 
100 mas between using r-band positions and those 
in non-saturated filters. 

All of these issues have been corrected for DR9. The 
discovery of the mistakes in DR8 prompted the develop- 
ment of a new set of astrometric quality- assurance met- 
rics t hat a re fully described in the SDSS-III DR9 data- 
modelE3 

With these problems corrected, the DR9 astrometry 
fixes errors in both DR8 and DR7. In particular, DR7 
contained very large errors in a handful of runs (3358, 
4829, 5960, 6074, and 6162) that are corrected in DR9 
(the most prominent of these is the black and white arc 
in the upper central region of the top panels of Figure [7]). 

Proper motions in DR9 are similarly improved relative 
to DR8 and DR7. As Figure [7J shows, they are mostly 
unchanged in the mean at high Galactic latitudes. How- 
ever, the corrected color terms in the astrometry have 
fixed a small fraction of objects with outlying proper 
motions in the DR9 relative to DR8 (this error did not 
affect DR7 or earlier). Furthermore, at low Galactic lat- 
itudes DR7 had some large offsets caused by star-galaxy 
separation errors. Proper motions are measured with re- 
spect to a reference frame of stationary galaxies, so stel- 
lar contamination in the galaxy sample can systemati- 
cally affect the proper motion estimates. In DR7, errors 
in star-galaxy separation (in particular in photometric 
rerun 648) caused the galaxy sample to have significant 
stellar contamination, leading to systematic errors in the 
proper motions. DR9 fixes this problem. 

The proper motions can be independently tested by 
looking at the proper motions of photometrically iden- 
tified low redshift quasars, which are easy to select and 
should have zero proper motions. Figure [3] shows the 
pr oper motion s of th e low redshift quasars as selected 
by IBovv et all (|2011l) . These show very little systematic 
offset from zero, except for a small shift in fig at low Dec- 
lination. This offset is further described by IBond et al.1 
(|2010f ) in the context of the DR7 proper motions, and 
could be due to small differential refraction correction is- 
sues in USNO-B for these very blue objects (and is there- 
fore likely not relevant to the proper motions of typical 
stars) . 

101 http : //data . sdss3 . org/ datamodel 



5. IMPROVEMENTS IN THE SEGUE STELLAR 
PARAMETER PIPELINE FOR DR9 

The SE G UE St ellar Parameter Pipeline ( SSPP; 
Lee et all l2008aHbl; lAllende Prieto et al.l [20081: 
Smolinski et al.l 1201 If) utilizes multiple approaches 
to estimate effective temperature (T c s), surface gravity 
(log g), and metallicity ([Fe/H]) from stellar spectra. 
Each method is optimized for a certain range of stellar 
color (g — r) and S/N, and is measured over a range 
of wavelengths determined to deliver the best estimate 
of each parameter. The SSPP is designed to obtain 
reliable results for stars targeted as part of the SDSSTI 
SEGU E and SDSS-III SEGUE-2 surveys (IRockosi et all 
[2011 ). With each SDSS data release the SSPP has been 
refined and modified to provide more accurate estimates 
of the stellar atmospheric parameters. Here we briefly 
highlight major changes and improvements made since 
the DR8 public release that are used for the DR9 data. 

A sample of 126 high-resolution spectra of 
SDSS/SEGUE stars, taken with Keck, Subaru, the 
Hobby-Eberly Telescope and the Very Large Telescope, 
have been analyzed in a homogeneous fashion, and a 
new set o f stellar parameters w ere o bt ained from this 
analy sis (Al lende Prieto et al.l 120081 : iSmolinski et al.1 
[20Tl . The sample covers 4000 < T eff < 7000 K, 
0.0 < log g < 5.0, and -4.0 < [Fe/H] < +0.5. However, 
this data set contains no metal-poor ([Fe/H] < —2.5) 
dwarfs or metal-rich ([Fe/H] > 0.0) giants. Additional 
info rmation on this high- re soluti on sam ple can be found 
in lAllende Prieto et all (|200g) and ISmolinski et al.l 
(|2011lh 

The individual methods in the SSPP, in particular esti- 
mates of surface gravity and metallicity, have been thor- 
oughly re-calibrated based on these new data. The SSPP 
also adopts a much-improved color (g — r)-temperature 
rel ation, the InfraRed Flux M ethod (IRFM) as described 
bv iCasagrande et al.l ((2010) . Each SSPP temperature 
estimate was re-scaled to match the IRFM temperature 
estimate. This technique particularly improves the tem- 
perature estimates for cool stars (T e g < 5000 K). 

Figure [5] shows the results of the comparisons of the 
SSPP parameters with the IRFM for temperature, and 
the high-resolution analysis for gravity and metallicity. 
Implementation of a grid of synthetic spectra with micro- 
turbulences that vary appropriately with surface gravity 
also yields improved estimates of metallicity for metal- 
rich stars ([Fe/H] > -0.5). 

A parameter comparison from a sample of about 9,000 
multiply-observed stellar spectra in SEGUE provides the 
basis for an estimate of the internal uncertainties of the 
SSPP - -50 K for T cff , -0.12 dex for log g, and -0.10 dex 
for [Fe/H] for a typical G-type dwarf or redder stars in 
the color range of 0.4 < g — r < 1.3 with S/N per pixel 
= 30. These errors increase to —80 K, 0.30 dex, and 
0.25 dex for T e s, log g, and [Fe/H], respectively, for stars 
with -0.3 < g - r < 0.2, [Fe/H] < -2.0, and S/N < 15. 

A comparison with the DR8 parameters for stars from 
SEGUE- 1 indicates that the DR9 average T c g is higher 
by —60 K, the DR9 log g is lower by —0.2 dex, and the 
metallicity does not change significantly, although these 
values vary with spectral type and spectral S/N. 

These new SSPP results are made availabl e for all stars 
in SDSS-I/II, including those of SEGUE-1 (jYannv et all 
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and the SEGUE-2 stars in SDSS-III. SSPP mea- 
surements are not currently available for the stars ob- 
served as part of BOSS, although we plan to include that 
in future data releases. 

6. DATA DISTRIBUTION 

All Data Release 9 data are available th roug h data ac- 
cess tools linked from the DR9 web site l 1U2 l The data 
are st ored both as flat files in the Science Archive Server 
(S AS) £3 and as a searchable database in the Catalog 
Archive Server (CAS). A number of different interfaces 
are available, each designed to accomplish a specific task: 
(1) Color images of regions of the s ky in JPEG format 
(based on the g,r, and i images; see lLupton et al.l[2004D 
can be viewed in a web browser with the SkyServer Nav- 
igate tool; (2) FITS images can be downloaded through 
the SAS; (3) Complete catalog information (astrometry, 
photometry, etc.) of any imaging object can be viewed 
through the SkyServer Explore tool; and (4) FITS files 
of the spectra can be downloaded through the SAS. 

In addition, a number of catalog search tools are avail- 
able through the SkyServer interface to the CAS, each of 
which returns catalog data for objects that match sup- 
plied criteria. For more advanced queries, a powerful 
and flexible catalog search website called "CasJobs" al- 
lows users to create their own personalized data sets and 
then to modify or graph their data. 

The DR9 web site also features data access tutorials, 
a glossary of SDSS terms, and detailed documentation 
about algorithms used to process the imaging and spec- 
troscopic data and select spectroscopic targets. 

Imaging and spectroscopic data from all prior data re- 
leases are also available through DR9 data access tools. 

7. CONCLUSIONS 

The SDSS-III Data Release 9 presents the first data 
from the BOSS survey, with ^102,000 new quasar spec- 
tra, ^91,000 new stellar spectra and ~536,000 new 
galaxy spectra. The astrometry has been improved since 
DR8, and the stellar properties for SEGUE-I/II and 
SDSS-I/II stars have been updated. 

These data are already sufficient for cosmological anal- 
yses of large-scale structure, investigations of the struc- 
ture of the Milky Way, measurements of quasar physics, 
clustering, and demographics, and countless other sci- 
ence investigations. We invite the larger scientific com- 
munity to investigate and explore this new data set. 

The SDSS-III project will present two more public 
data releases. DR10, in summer 2013, will include the 
first data from the APOGEE survey and another year 
of BOSS data. DR11 will be an internal release only, as 
a public release would occur only six months before the 
final public data release for SDSS-III, DR12, which will 
be released in December 2014 and will contain all of the 
data taken during the six years of the project. 

Funding for SDSS-III has been provided by the Alfred 
P. Sloan Foundation, the Participating Institutions, the 
National Science Foundation, and the U.S. Department 

102 [http : //www . sdss3 ■ org/dr9 1 

103 The Science Archive Server (SAS) is the SDSS-III equivalent 
of the SDSS-I/II Data Archive Server (DAS). 
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Figure 9. Comparisons of T c g (left panels), log g (middle panels), and [Fc/H] (right panels) of the SSPP with the temperature from the 
IRFM, and surface gravity and mctallicity from analysis of high-resolution spectra of 126 stars. The symbols fi and a are the mean and 
standard deviation from a Gaussian fit to the sample. 'Adop' is the final adopted value in the SSPP; 'Hi-res' refers to the high-resolution 
analysis. As was the case for DR8, the DR9 SSPP gravity value still over-estimates log g by up to 1.0 dex for cool giants. There are only 
107 stars available for the temperature comparison, as JHK photometry, needed to derive the IRFM temperature, was unavailable for 19 
stars. 
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